I. INTRODUCTION
There is great motivation to understand the structure and properties of alkoxides due to their prevalence in combustion processes, interstellar and atmospheric chemistry, and as intermediaries in hydrocarbon reactions. However, the theoretical challenges posed by their inherent structure also offer great motivation for their investigation.
Methoxy radical in particular is one of the smallest organics, which makes it well-suited to study via both experiment and calculation. Consequently, there has been no shortage of experimental work on this ubiquitous radical. Some of the earlier research involved laser magnetic resonance ͑LMR͒, 1 microwave studies, 2 and negative ion photoelectron spectroscopy, 3 as well as numerous fluorescence spectroscopic examinations of the Ã -X electronic transitions; [4] [5] [6] [7] [8] [9] however, analysis of much of this data was complicated by the overlap and congestion due to room temperature samples as well as poor resolution. Furthermore, there was no indication of any Jahn-Teller effects that would be expected as a result of both the electronic degeneracy of the 2 E ground state and the high-symmetry C 3v configuration. Supersonic expansion of the sample in laser-induced fluorescence ͑LIF͒ experiments significantly clarified the spectral features, [10] [11] [12] [13] [14] permitting the first direct observation of Jahn-Teller activity in methoxy radical. 15 However, it was only within the past several years that the advent of improved resolution techniques in conjunction with supersonic expansions allowed the biggest step toward understanding the spectroscopy of methoxy radical. 16, 17 Specifically, the rotationally resolved stimulated emission pumping ͑SEP͒ studies have allowed assignment of vibronic symmetry to the CH 3 O spectroscopic features because the rotational profile of a transition is a signature of the vibronic symmetry of the states involved. 18, 19 Such information has been a breakthrough for advancing the theoretical understanding of CH 3 O and its Jahn-Teller activity. Early theoretical works have computed geometries, 20, 21 and Jahn-Teller stabilization energies and distortions. 22 It is only recently that full treatments with the ability to predict spectroscopic features have started to appear. 23 Specifically, in a recent review, Barckholtz and Miller 24 presented the first theoretical treatment of the JahnTeller problem including a multimode analysis of both linear and quadratic Jahn-Teller coupling as well as spin-orbit coupling. They were able to incorporate Temps' rotationally resolved SEP data into their model, which in turn calculated the Jahn-Teller parameters that fully characterize the JahnTeller activity of the radical.
There have been considerably fewer studies involving CH 3 CH 2 O, (CH 3 ) 2 CHO, and (CH 3 ) 3 CO. Negative ion photoelectron spectra of the anions have established electron affinities ͑EAs͒ for these three species, although the resolution of the spectra were not sufficient to yield significant spectral detail. 25, 26 Like CH 3 O, the majority of the investigations of CH 3 CH 2 O have employed fluorescence spectroscopy. 5, 9, 10, [27] [28] [29] Most recently, LIF of jet-cooled CH 3 CH 2 O has allowed spectroscopic identification of several vibrational modes. 30 Various ab initio calculations have been performed on CH 3 CH 2 O ͑Refs. 31,32͒ and CH 3 CH 2 O Ϫ ; 20 however, there appears to be some discrepancy as to the symmetry of the ground electronic state of the radical. 25, 27, 29 Fluorescence excitation spectra of (CH 3 ) 2 CHO were re-corded to determine rate constants for reaction with various gases. 5, 33 In addition, Foster et al. 10 obtained rotationally resolved spectra for jet-cooled CH 3 O, CH 3 CH 2 O, as well as (CH 3 ) 2 CHO. Based on the rotational structure of the spectra, they assign the ground state of ethoxy radical to be 2 AЉ with a low-lying 2 AЈ state, whereas in iso-propoxy radical, the rotational signature of the fluorescence transitions suggests that the symmetry switches to a 2 AЈ ground state with a 2 AЉ first excited state. Aside from the EA determination in the PES study, 25 our understanding of tert-butoxy extends to a structure calculation of the anion and radical 6, 20 and measurement of the electron photodetachment cross section of the anion. 6 The suite of alkoxides chosen in this work is of particular interest as a study of substitution effects. Methoxide is a closed-shell anion with C 3v symmetry. The highest occupied molecular orbitals involve the two nonbonding essentially atomic p orbitals highly localized on the oxygen atom. 11, 15, 21, 22 The 3.408 eV laser photon can photodetach an electron from either the p x or the p y orbital, resulting in two energetically equivalent configurations for the radical. A schematic of these degenerate orbitals is shown in Fig. 1 . The degenerate electronic state coupled with the C 3v symmetry of the radical causes a Jahn-Teller effect in CH 3 O. Replacing one of the hydrogens in CH 3 O with a methyl group to yield CH 3 CH 2 O breaks the C 3v of CH 3 O. This should only be a small perturbation away from the C 3v configuration, and thus the resultant splitting in energy of the previously degenerate p-like orbitals is expected to be small. Substituting two hydrogens in CH 3 O for methyl groups gives (CH 3 ) 2 CHO. This can be thought of as an even larger departure than in CH 3 CH 2 O away from the methoxy radical C 3v structure and thus perturbing the orbital energies even further. However, if we replace each hydrogen in CH 3 O with a methyl group to obtain (CH 3 ) 3 CO, we return to the C 3v symmetry of CH 3 O and accordingly we would expect JahnTeller effects to be manifested in this radical. In this paper we attempt to characterize these highest occupied molecular orbitals and their interactions via the X ←X and Ã ←X photoelectron spectra as the number of methyl groups substituted for hydrogens increases. We present anion photoelectron spectra of the alkoxides CH 3 Ϫ using a photon energy of 3.408 eV for different laser polarization angles and different sample temperatures. In addition, ab initio calculations for ethoxy and iso-propoxy anions and radicals are presented in order to guide the assignment of the spectral peaks.
II. EXPERIMENT
As the experimental technique has been presented previously in great detail, 34 only a synopsis of the negative ion photoelectron spectrometer is given here. Ions are synthesized in a flowing afterglow apparatus operating under approximately 0.5 Torr of pressure from a helium buffer gas. Oxygen anion (O Ϫ ) is produced by seeding O 2 through a microwave discharge, and it then reacts with methane to produce hydroxide anion. Proton abstraction from the corresponding alcohol by hydroxide anion yields the desired alkoxide anion as outlined in the following reactions:
where RϭCH 3 , CH 3 CH 2 , (CH 3 ) 2 CH, and (CH 3 ) 3 C or
where RϭCD 3 , CD 3 CD 2 .
Collisional relaxation via the He buffer gas serves to equilibrate the anions to a vibrational temperature of 300 K. Further cooling to ϳ200 K is possible by enclosing the afterglow apparatus in a jacket of liquid nitrogen. Anion currents ranged between 10 and 70 pA. Anions are extracted and accelerated through a Wien velocity filter and subsequently decelerated into an interaction region; here the ion beam perpendicularly intersects the laser photons from a fixed frequency (ϭ364 nm͒ CW argon ion laser with ϳ100 W of circulating power in a buildup cavity. Photoelectrons are collected in a small solid angle in a direction perpendicular to the plane of the ion and laser beams. They pass through a hemispherical energy analyzer and onto a position sensitive detector as a spectrum is recorded with a resolution of ϳ10 meV. The spectra are collected as a function of electron kinetic energy ͑eKE͒, which may be converted to electron binding energy ͑eBE͒ by subtracting the eKE from the laser photon energy ͑3.408 eV͒. The absolute energy scale is fixed by the position of the 3 P 2 ← 2 P 3/2 transition in the O Ϫ photoelectron spectrum. An additional small (Ͻ1%) energy compression factor is applied as determined from comparison of the photoelectron spectrum of tungsten ion (W Ϫ ) with known transitions in tungsten atom. 35 The CD 3 O Ϫ photoelectron spectrum contains contamination from DO 2 Ϫ peaks. The flow tube conditions described above also allow for the synthesis of DO 2 Ϫ through the reaction of CD 3 may be calculated by an expression involving the intensity of the peak measured at polarization angles 90°and 0°, I 90°a nd I 0°, respectively,
͑4͒
where Ϫ1р␤р2.
To a first approximation, a ␤ϳ2 results from a p-wave photoelectron, which originates from photodetaching an s-like electron. Photodetaching a p-like electron produces both s-wave and d-wave electron distributions. For energies close to the threshold energy of the transition, the s-wave contribution will dominate, resulting in a ␤ϳ0, although as energy increases, the d-wave contribution will become greater and the ␤ will approach Ϫ1. In this way, angular distribution information in photoelectron spectra can be used to distinguish between transitions to different electronic states. 37 Spectra were taken at both 200 K and 300 K ͑room temperature͒ vibrational temperature and compared in order to identify transitions originating from vibrationally excited states in the anion. This allows for a confident assignment of the 0 0 0 peak. Ab initio calculations of both CH 3 CH 2 O and (CH 3 ) 2 CHO anions and radicals were implemented using the GAUSSIAN94 program package. 38 In CH 3 CH 2 O, two sets of calculations were employed. The first, referred to as Method 1, used the density functional theory B3LYP method with a 6-31ϩG* basis set, while the second, Method 2, used the B3LYP method with an aug-cc-pVDZ basis set. In (CH 3 ) 2 CHO, Method 2 was employed for the anion and ground state of the radical, but no potential minimum for the first excited state was found. Therefore a third set of calculations was executed using a HF method with an aug-ccpVDZ basis set for the anion and ground state of the (CH 3 ) 2 CHO radical, and the CIS method with the aug-ccpVDZ basis set for the first excited state of (CH 3 ) 2 CHO. This is referred to as Method 3. The GAUSSIAN94 calculation output files, which include optimized geometries, normal modes, and vibrational frequencies, were then used in the CDECK suite of programs. 39 This package calculates FranckCondon factors for the possible anion to neutral transitions using a harmonic oscillator approximation, and outputs a stick photoelectron spectrum simulation. This stick spectrum is then convoluted with a 10 meV Gaussian function to produce a simulated spectrum that can be directly compared to the data. If the correspondence between theory and experiment is good, the theoretical output may be used as a guide for understanding and assigning the experimental spectral features. The calculated vibrational frequencies are not scaled unless otherwise stated.
A different procedure, referred to as Method A, was used to simulate the photoelectron spectrum of (CH 3 ) 3 
CO
Ϫ . In this case, the anion and neutral potential energy surfaces were assumed to be harmonic. Experimental frequencies were input, assuming the same frequency in the anion and neutral species for each mode. The change in geometry between the anion and neutral was adjusted in order to reproduce the intensities of the peaks in the experimental spectrum. Finally, the simulated peaks were convoluted with a full-width at half-maximum ͑FWHM͒ of 10 meV. No hot bands were simulated.
III. RESULTS AND DISCUSSION

A. CH 3 O ؊
A detailed theoretical description of Jahn-Teller effects, particularly with respect to CH 3 O radical, has recently been given by Barckholtz and Miller. 24 A brief overview is given here. As mentioned above, the ground electronic state of CH 3 O has a twofold degeneracy in its C 3v geometry configuration. This degeneracy leads to a Jahn-Teller phenomenon; in order to minimize energy, the radical will distort, thus breaking the C 3v symmetry and lifting the degeneracy. CH 3 O has six vibrational modes. Three are symmetric a 1 modes: 1 CH stretch, 2 umbrella, and 3 CO stretch; and three are asymmetric e modes: 4 CH stretch, 5 HCH scissors, and 6 methyl rock, which involves movement of the oxygen off the C 3v axis toward one of the hydrogens. The symmetric modes do not provide the distortion necessary to remove the degeneracy and lower the energy, and thus only the asymmetric e vibrational modes can be Jahn-Teller active. The methoxy radical is known to exhibit a ''dynamic'' Jahn-Teller effect, where the zero-point energies of the vibrations are much greater than the stabilization energy of the Jahn-Teller distortion. 24 Therefore the distortion is not large enough to provide a permanent departure from C 3v to C s symmetry and must be treated as a vibronic coupling problem where the asymmetric vibrational e modes couple to the degenerate E electronic states.
The room temperature magic angle, and 0°and 90°pho-toelectron spectra for CH 3 O Ϫ are presented in Figs. 2͑a͒ and 2͑b͒, respectively. Peak a is assigned as the 0 0 0 transition that gives EA͑CH 3 O)ϭ1.572Ϯ0.004 eV. The magic angle spectrum shows what appears at first glance to be a regular Franck-Condon progression of doublets in peaks a, c and d, g and h, i and j, and k and l. Closer examination of the spacings, however, reveals that this is not the case. The interpeak spacings of c and d, g and h, i and j, and k and l are 255 cm Ϫ1 , 155 cm Ϫ1 , 365 cm Ϫ1 , and 355 cm Ϫ1 , respectively. Furthermore, the spacing between peaks a and c, c and g, g and i, and i and k are 1210 cm Ϫ1 , 1530 cm Ϫ1 , 1195 cm Ϫ1 , and 1400 cm Ϫ1 , respectively. In addition, there are the relatively weak peaks b and e whose photoelectron angular distributions differ markedly from the other peaks in the spectrum. Peaks a, c, d, f, and h show similar behavior in the 90°and 0°polarization scans in that their intensities are heavily weighted in the 90°direction ͓Fig. 2͑b͔͒. This is reflected in the asymmetry parameter values (␤ ϳϪ1) for these peaks listed in Table I . The opposite is true for peaks b and e, whose ␤ values are closer to ϩ1. ͑These values are taken from closeup spectra of the region, which are not shown͒. Peaks g, i, j, k, and l display essentially isotropic angular distributions and thus ␤ ϳ0 as given in Table I .
The position and intensity of the magic angle spectrum peaks agree well with a recently published CH 3 O Ϫ photoelectron spectrum by Osborn and co-workers. 40 In contrast to the original photoelectron spectra taken of CH 3 O Ϫ under significantly poorer resolution, 3 none of the major features in the spectra in Fig. 2͑a͒ are spaced such that they could be assigned to any of the three a 1 symmetric vibrational modes:
14 This leaves only the doubly degenerate e vibrational modes 4 , 5 , and 6 ; the fact that all the prominent spectral features can be attributed to asymmetric modes testifies to the presence of significant Jahn-Teller effects in CH 3 O.
Due to the dynamic nature of the Jahn-Teller effect in CH 3 O, ab initio calculations using programs such as GAUSS-IAN94 that are based on the Born-Oppenheimer approximation are not feasible as they do not account for the vibronic coupling of electronic and vibrational energy levels. For this reason, and to understand more about the photoelectron spectrum of CH 3 O Ϫ , we compare our peak positions with those observed by Temps 19 who has cataloged and assigned vibronic symmetry to lines observed in rotationally resolved SEP/LIF studies of CH 3 O and CD 3 O.
We are able to use the information provided by the ␤ parameters as discussed above, in addition to Temps' results, to make assignments ͑see Table I͒. The 0 0 0 transition, peak a, necessarily carries an E vibronic symmetry assignment. This is because the degenerate E symmetry of the electronic state couples with the totally symmetric vibrationless level to give E vibronic symmetry, E a 1 ϭE vibronic . Peaks b, c, and d are assigned to the 6 0 1 (A 1 ), the 6 0 1 ͑E͒, and the 5 0 1 ͑E͒ vibronic lines, respectively. Peaks a, c, and d (␤ ϳϪ1) are all assigned to E vibronic symmetry while peak b (␤у1.2) has A symmetry; this suggests a strong correlation between asymmetry parameters and the vibronic symmetry assignment given to the final state involved in the anion to neutral transition. Furthermore, the A vibronic peak has an intensity significantly smaller than that of its neighboring peaks of E symmetry. With this in mind, peak e is assigned to the 2 0 1 6 0 1 (A 1 ) transition at 2018 cm Ϫ1 , as its ␤ value and relative intensity is similar to that of peak b.
A similar phenomenon was observed 41 in the photoelectron spectrum of C 2 H Ϫ . In this case, the spectrum was dominated by peaks assigned to Franck-Condon-allowed transitions. However, structure on a scale approximately 50 times smaller than the origin transition was observed, which was attributed to non-Franck-Condon transitions into odd quanta of asymmetric modes in the ground state of the radical. In addition, the non-Franck-Condon peaks displayed asymmetry parameters with opposite sign as the peaks corresponding to activity of symmetric modes of the neutral. These normally forbidden transitions gain intensity via an electronic state mixing between the ground state of the neutral and an excited electronic state. The same mechanism is proposed to explain anomalous intensities in the Ã 2 A 1 ↔X 2 E excitation spectrum of methoxy radical. 17, 42 In the LIF studies, for peaks involving modes of e vibrational symmetry, normally forbidden parallel transitions are observed with intensities of comparable magnitude to the allowed perpendicular transitions. Here the electronic state mixing is suggested to be between the Ã state and a closely lying excited E electronic state. In the case of the CH 3 O Ϫ photoelectron spectrum, the ground E electronic state of the radical may mix with an excited electronic state although the first excited state lies several eV above the ground state. . Lines with excitation energies greater than 3000 cm Ϫ1 are not assigned. The higher the transition lies in the X 2 E potential well, the more vibronic mixing there is, rendering it too difficult to determine vibronic symmetry past this energy. 19 It should be emphasized that the photoelectron spectrum of CH 3 O Ϫ is dominated by the Jahn-Teller-active ͑asymmet-ric͒ vibrational modes and the normally expected features due to vibrations solely of symmetric modes are absent. Peaks e, f, and g carry assignments involving combination bands of symmetric and asymmetric vibrational modes. Thus we do see activity of the symmetric modes in the CH 3 O Ϫ photoelectron spectrum, although only when coupled with motion from the asymmetric modes.
The spin-orbit splitting of the ground state of methoxy radical is 61.5 Ϯ1.0 cm Ϫ1 (ϳ7 meV͒, 1, 43 which is less than the resolution of our experiment. Nevertheless, the spinorbit splitting contributes to the widths of the peaks observed. The FWHM of peaks a, c, and d in the cold magic angle spectrum of CH 3 O Ϫ are 172, 158, and 102 cm Ϫ1 , respectively. As energy increases, the spin-orbit splitting is quenched, as expected. 22, 24 Both spin-orbit and Jahn-Teller interactions compete for orbital angular momentum and as the Jahn-Teller energy interaction increases at higher energies in the potential well, the spin-orbit splitting should necessarily decrease.
B. CD 3 O ؊
The room temperature deuterated methoxide spectrum with DO 2 Ϫ subtracted ͑see Experiment͒ is shown in Fig. 2͑c͒ . Peak a, the 0 0 0 transition, falls at an energy of 1.559Ϯ0.004 eV.
At first glance, we see the same coarse structure in CD 3 O Ϫ as in CH 3 O Ϫ in that the intensity pattern and the relative spacings are the same. The peaks appear to have uniformly shifted to smaller binding energy; in fact, if a oneto-one correspondence is assumed between peaks a, c, d, g, h, i, and j in both spectra, which is not intuitively unreasonable, all of these peaks shift their position in an essentially uniform manner relative to peak a by between 21% and 26%. This agrees with the findings in the recent photoelectron spectrum of CD 3 O Ϫ . 40 A vibrational mode that involves a large amount of hydrogen movement would decrease in frequency upon substituting hydrogen with deuterium and thus a photoelectron peak would shift to lower binding energy. A mode that involves little or no hydrogen movement will not shift. The CO stretch, 3 , is the only mode of CD 3 O that falls into this category. Therefore the evidence indicates that we are not seeing any activity in the symmetric 3 mode.
We should be able to use the information provided by the ␤ parameter signature of the peaks to further corroborate the apparent one-to-one correspondence and make assignments. Assignments for CD 3 3 O has changed its value of ␤ significantly, so it is possible that the peak i in CH 3 O is composed of several different lines which shift by different amounts upon deuteration, as has been discussed above for peak g. Ϫ photoelectron spectra could be attributed to hot bands. Peak a is assigned as the EA at 1.712Ϯ0.004 eV.
Examination of the spectra shows that there are two groups of peaks with contrasting ␤ parameters ͑see Table  III͒ . The first group, which includes peaks a and e, possesses a ␤Ͻ1, while peaks b-d and f-i have opposite angular distributions, ␤Ͼ1. The existence of the two groups of ␤ values indicates that they correspond to different electronic states. This is strong evidence supporting the presence of a lowlying first excited state of ethoxy radical. Peaks a and e correspond to transitions from the ground state of CH 3 CH 2 O Ϫ anion into the ground state of neutral CH 3 CH 2 O, while peaks b-d, and f-i represent transitions into the first excited state of the neutral. Therefore, the spacing between peaks a and b, 355 Ϯ10 cm Ϫ1 , determines the term energy of the first excited state. To our knowledge, this quantity has never before been directly measured, although there has been a laser fluorescence study of CH 3 CH 2 O that did not observe any excited states within 300 cm Ϫ1 of the ground state. 27 The direct observation of the ground to first excited state spacing in the radical supports the substitution argument previously mentioned. The substitution of one hydrogen of CH 3 O with a methyl group perturbs the C 3v geometry and thus slightly lifts the electronic degeneracy present in methoxy radical.
The spacing between peaks a and e is 1295 cm Ϫ1 and two quanta falls at 2590 cm Ϫ1 , which is in the vicinity of peaks j and k. The fact that the ␤ values for peaks j and k are the same within error, however, indicates that the second quantum transition is contributing to both these peaks, and therefore they receive the same assignment in the ground state of the radical. The spacings between peaks b and d matches that of peaks d and g, ϳ685 cm Ϫ1 . Furthermore, the intensity pattern between peaks b, d, and g matches that of a typical Franck-Condon progression and therefore these peaks are assigned as a vibrational progression in the first excited state of the radical. The relationship between the remaining peaks, aside from which electronic state in the radical they belong to, is unclear.
Comparison of the observed spectrum with information provided by ab initio calculations of CH 3 higher. This spacing is in good agreement with the observed difference between peaks a and b.
The CDECK simulation of the photoelectron spectrum of CH 3 CH 2 O Ϫ using the results from Method 2 is presented in Fig. 3͑b͒ along with the magic angle photoelectron spectrum taken at 200 K sample temperature. The simulation at the baseline represents the first excited state results while the floated plot represents the ground state simulation. The positions and intensities of the 0 0 0 peaks in the simulations ͑peaks a and b͒ are fixed to match the experimental peaks ͑in bold͒.
Method 2 predicts the most active mode in the X 2 AЉ ←X 1 AЈ photoelectron spectrum to be 9 at 1303 cm Ϫ1 , a symmetric scissor motion of the nonmethyl hydrogens. As is shown in Fig. 3͑b͒ , the simulation has excellent agreement for the intensity of peak e with respect to peak a, as well as the intensities of peaks j/k with respect to peak a. These peaks are therefore given the assignment of 9 0 1 and 9 0 2 , respectively.
The agreement between the excited state calculation and experiment is not as conclusive, however. For example, the predicted intensity of peak c is highly overestimated. Furthermore, peaks c and d are predicted to form a progression in a single mode, and from examining their intensities in the experimental spectrum, this is not obviously true. This would also conflict with the implication that peaks d and g form a vibrational progression. Peak f lines up well with the simulation peak corresponding to the fundamental of 7 , the CO stretch predicted at 1118 cm Ϫ1 . However, it is unclear which simulated peak to match to peak g. For features to higher binding energy of peak g ͑and including peak g͒, the agreement with the simulation is ambiguous. In short, the lessthan-ideal match between the experimental intensities and spacings and those derived by theoretical means does not help us to assign the remaining peaks. This lack of agreement is not completely unexpected, however. If the ground and first excited states of CH 3 CH 2 O are separated by only 355 cm Ϫ1 , the two states should couple together strongly with the effect of perturbing vibrational levels away from a harmonic oscillator approximation, and the intensities of the transitions may be affected as well. Therefore, peaks d and g are tentatively assigned as the first and second quanta in a vibrational progression in the Ã state whose motion is undetermined, while peak f may correspond to the fundamental of 7 .
The 0°and 90°polarization spectra of CD 3 CD 2 O Ϫ are shown in Fig. 4 . Peaks a and b have similar relative angular distributions and intensities as peaks a and b in CH 3 CH 2 O Ϫ , and the spacing has decreased to 275Ϯ10 cm Ϫ1 ͑see Ϫ spectrum have been crowded together due to the shifting expected upon deuteration. There are fewer features in the CD 3 CD 2 O Ϫ spectrum, and for peaks to the higher binding energy of peak d, the line shapes are such that they appear to be formed from several peaks. This blending would also affect the intensities of the observed features and their asymmetry parameters. Unlike in the CH 3 O Ϫ photoelectron spectrum, we are not able to make a visual correspondence between peaks in the deuterated and nondeuterated spectra. As was the case in CH 3 CH 2 O Ϫ , aside from the few assigned transitions, the simulated spectrum did not accurately reproduce either the relative spacings or the intensities of the spectral features in a consistent manner. Therefore, the congestion observed in the photoelectron spectrum of CD 3 CD 2 O Ϫ hinders any possible corroboration with structure in the spectrum of CH 3 CH 2 O Ϫ . In the CH 3 CH 2 O Ϫ photoelectron spectrum no signature of dissociation of the species is observed. Photodissociation of CH 3 CH 2 O Ϫ has been observed with a 2.331 eV photon with a low branching ratio of dissociative to stable products. is displayed in bold. The thin line corresponds to a theoretical simulation using Method 1 ͑B3LYP/6-31ϩG*͒ of the photoelectron transition into the X state of (CH 3 ) 2 CHO. ͑b͒ The 200 K magic angle photoelectron spectrum of (CH 3 ) 2 CHO Ϫ is displayed in bold. The thin line corresponds to a theoretical simulation using Method 3 ͑CIS/aug-cc-pVDZ͒ of the photoelectron transition into the Ã state of (CH 3 ) 2 CHO. position of peak a, is 1.847Ϯ0.004 eV. The Method 1 calculation predicts an anion with a 1 AЈ ground state and C s symmetry. The neutral ground state is calculated as a 2 AЈ state with C s geometry. A peak measured from the room temperature photoelectron spectrum ͑not shown͒ is assigned as the hot band transition 3 1 Ј 0 , where 3 Ј is the CCC bend predicted at 360 cm Ϫ1 in the anion. The CDECK simulation of the photoelectron transition into the ground state radical using results from Method 1 is displayed in Fig. 5͑a͒ . The spectrum simulation reproduces both the spacing and intensity of many of the spectral features relatively well. Peak b corresponds to one quantum of vibration in 3 , predicted at 360 cm Ϫ1 , which is the CCC bending motion in the radical. Peak c is assigned to one quantum of 5 , a CCCO symmetric bending mode, which Method 1 calculates at 452 cm Ϫ1 . Peak d is the result of several transitions. The one with the greatest intensity is the fundamental of 10 , a rocking motion of all hydrogens, predicted to fall at 1054 cm Ϫ1 . In addition there is a smaller peak to lower binding energy which is primarily composed of overtones and combination bands of 3 and 5 .
The simulation predicts the most active vibration to be 14 , the CO stretch, to lie at 1262 cm Ϫ1 above the 0 0 0 transition. This is a better match with the position of peak f ͑1270 cm Ϫ1 ) than peak e ͑1175 cm Ϫ1 ). However, because peak e is the most intense peak in the spectrum after peak a, the simulated peak may also be assigned to peak e. Therefore it is not clear if it is peak e or peak f that corresponds to 14 0 1 . The observation of the CO stretch is expected because detaching an electron localized on the oxygen should affect the CO bond and thus activate the CO stretch. However, unlike the CH 3 CH 2 O Ϫ spectrum, we are not able to use peaks with contrasting ␤ values to distinguish between different electronic states. What is clear, however, is that the peak that is not assigned to 14 0 1 is absent from the photoelectron spectrum simulation of the transition into the ground state of (CH 3 ) 2 CHO. Thus either peak e or f is the 0 0 0 transition from the ground state anion into the first excited state of the neutral. The term energy of the Ã state is therefore assigned as the average of the positions of peak e and f, 1225Ϯ65 cm Ϫ1 . This spacing is believable in light of the substitution argument applied above. Specifically, replacing two of the hydrogens in CH 3 O with methyl groups can be considered a perturbation that lifts the degeneracy of the CH 3 
The assignment of transitions into the first excited state of (CH 3 ) 2 CHO can be further supported by ab initio calculations. Method 3 ͑HF/CIS/aug-cc-pVDZ͒ predicts that the anion has a 1 AЈ ground state with C s geometry and that the neutral has a 2 AЈ ground state with C s geometry, in agreement with Method 1. The CIS calculation additionally predicts that the first excited state is a 2 AЉ state with C s geometry, 2011 cm Ϫ1 above the X 2 AЈ state. This agrees fairly well with our measurement of the term energy of the excited state. The CDECK simulation of the photoelectron spectrum using the results from the Method 3 calculation is displayed in Fig. 5͑b͒ . In this figure, the intensity and position of the 0 0 0 simulation peak are fixed to match peak f, although choosing between peaks e and f is arbitrary, as discussed above. It is clear that both peaks g and h are composed of transitions into both the X and Ã electronic states of the radical. Peak g is assigned to the overtone combination 3 0 1 14 0 1 in the ground state radical plus 4 0 1 in the first excited state, the CCC bend, predicted to fall 371 cm Ϫ1 above the 0 0 0 Ã ←X transition. Similarly, peak h results from the overtone of 5 0 1 14 0 1 ground state modes plus 5 0 1 in the Ã state, the CCCO symmetric bend, predicted at 516 cm Ϫ1 . Beyond peak h the convolution of features from transitions into both ground state and first excited states in the radical is too complex to make unambiguous assignments.
It is interesting that our calculations predict a 2 AЉ ground state with a 2 AЈ first excited state in ethoxy radical, while in isopropoxy radical, the two states are reversed. This is in agreement with the rotational spectroscopy of Foster et al. 10 They postulate that this is because in CH 3 CH 2 O, the nonbonding aЈ orbital that lies in the C s plane is closer to the methyl group; in (CH 3 ) 2 CHO, the aЈ orbital is closest to the nonmethyl hydrogen and it is the out-of-plane aЉ orbital that has the maximum opportunity for interaction with the two methyl groups. The ordering of the states observed here implies that the proximity of a lone-pair orbital to a methyl group serves to lower its energy relative to the other lonepair orbital.
The magic angle photoelectron spectrum of (CH 3 ) 3 CO Ϫ at 200 K is displayed in Fig. 6 . As was the case for (CH 3 ) 2 CHO Ϫ , there is essentially no variation in ␤ parameter over the span of the spectrum, as it ranges between 0.1 and Ϫ0.3.
Peak b is measured at 435 cm Ϫ1 above the 0 0 0 transition. This is the same spacing between peaks b and c, peaks d and e, and peaks e and f. This suggests that peaks b and c form a vibrational progression in one mode, and peaks e and f form the same vibrational progression in combination with peak d. Peak d falls at 1205 cm Ϫ1 above peak a, and peak g lies at twice that amount, implying that peaks d and g form a second vibrational progression.
Because (CH 3 ) 3 CO is expected to exhibit Jahn-Teller effects due to its C 3v geometry and concomitant degenerate X 2 E electronic ground state, 6 we were unable to carry out 45 A calculation for (CH 3 ) 3 CO using this above method 46 corroborates the assignments proposed above ͑see Table V͒ . It predicts the symmetric a 1 CCC umbrella mode 6 at 389 cm Ϫ1 and the a 1 mode 18 at 1234 cm Ϫ1 which is the CO stretching motion. In the anion, mode 6 Ј corresponds to the same CCC umbrella motion as the radical mode 6 , and is predicted at the slightly lower frequency of 381 cm Ϫ1 . A peak was measured from the room temperature photoelectron spectrum ͑not shown͒ at 440 cm Ϫ1 , which we assign as a hot band resulting from excitation from 6 1 Ј 0 . The observation of the CO stretch is expected for the same reason discussed in (CH 3 ) 2 CHO. Figure 6 displays a spectral simulation created using Method A. The experimental frequencies of 435 and 1205 cm Ϫ1 are input to produce the displayed curve. The agreement is surprisingly accurate considering the relative crudeness of the simulation for such a theoretically complicated species. This point will be discussed further below.
F. Vibronic coupling and Jahn-Teller effects
As was stated above in the discussion of ethoxy radical, the majority of the vibrational features in the CH 3 CH 2 O Ϫ photoelectron spectrum exhibit irregular frequency and intensity patterns that the reasonably high-level calculations and simulations fail to accurately reproduce. This has been attributed to the vibronic coupling between the ground and first excited states in the radical, separated by only 355 cm Ϫ1 . In the photoelectron spectrum of (CH 3 ) 2 CHO Ϫ , however, regularly spaced series of peaks are observed that, with the help of theoretical simulations, can be explained and assigned. In (CH 3 ) 2 CHO, the excitation to the first excited state ͑1225 cm Ϫ1 ) is approximately three times greater than in CH 3 CH 2 O; therefore the degree of coupling between the X and Ã states of (CH 3 ) 2 CHO would be expected to be smaller. In addition, however, one must consider the magnitude of the frequencies involved with respect to the energy splitting between the interacting electronic states. In (CH 3 ) 2 CHO, the majority of the assigned peaks-b, c, d, and possibly e-fall at energies less than the energy where the Ã state begins. Therefore, vibronic coupling effects would be expected only for peaks at greater binding energies than peaks e or f. In ethoxy radical this is not the case. The splitting between the electronic states of the neutral is small enough that all of the observed features are subject to vibronic coupling effects.
The existence of the signature of vibronic coupling upon the frequency and spacings of the photoelectron features can be explained, and this may be the reason for the variation of ␤ in the CH 3 CH 2 O Ϫ spectrum and not in (CH 3 ) 2 CHO Ϫ . The relative ordering of the aЈ and aЉ orbital energy is switched between CH 3 CH 2 O and (CH 3 ) 2 CHO, but both orbitals show the same p character. Therefore there is no reason to first order why transitions to the ground and first excited states, corresponding to detaching electrons from the aЈ and aЉ orbitals, would exhibit different angular distributions, which is the case for (CH 3 ) 2 CHO, but not for CH 3 CH 2 O. Thus the different angular distribution behavior for the two species must be originating from another source. In the CH 3 O Ϫ photoelectron spectrum, electronic state coupling is proposed to explain intensity in peaks which have different angular distributions than the other peaks in the spectrum. It is possible that the same kind of mixing can explain the angular distribution variation for peaks in the CH 3 CH 2 O Ϫ spectrum through coupling either between the X and Ã states of the radical, or between either of these states and a third electronic state. The relationship of (CH 3 ) 3 CO to CH 3 O with respect to the prominence of Jahn-Teller effects in the photoelectron spectra is similar to that between CH 3 CH 2 O and (CH 3 ) 2 CHO with respect to vibronic coupling effects. The CH 3 O Ϫ photoelectron spectrum is dominated by activity in the e asymmetric modes falling at positions determined by the Jahn-Teller coupling parameters of the radical. In (CH 3 ) 3 CO, however, the major structure is assigned to harmonic progressions in symmetric a 1 vibrational modes. Furthermore, the method used for simulation of the spectrum in Fig. 6 only allows for optimization of a limited number of FIG. 6 . Magic angle photoelectron spectrum of (CH 3 ) 3 CO Ϫ taken at 200 K sample temperature in bold. The thin line corresponds to a Franck-Condon simulation of the photoelectron spectrum in a simple harmonic oscillator approximation using experimental frequencies ͑Method A͒. See text for details. 3 CO is expected to be Jahn-Teller-active, the activity is predicted to be small, which is what we observe in our spectrum. The greater amount of vibrational activity in the larger (CH 3 ) 3 CO radical, as well as the resolution of our experiment, produces a baseline of intensity under which any Jahn-Teller transitions may lie. This may include transitions into pure e vibrational modes as well as any combinations of symmetric and asymmetric modes. The fact that the gross structure of the (CH 3 ) 3 CO Ϫ photoelectron spectrum may be assigned to regularly spaced transitions into symmetric vibrational modes characterizes this species more closely with (CH 3 ) 2 CHO than CH 3 O. Furthermore, the asymmetry parameter behavior of (CH 3 ) 2 CHO and (CH 3 ) 3 CO is similar because ␤ is constant across the spectrum. In light of these parallels, it may prove more fruitful to think of (CH 3 ) 2 CHO as a geometrical perturbation away from the (CH 3 ) 3 CO structure, where one methyl group as been substituted by a hydrogen.
G. Thermochemistry
The EAs for each neutral in this study are reported in Table VI . The EAs have been rotationally corrected and the error bars account for energy compression, rotational broadening, and measurement fitting error. The table lists previous photoelectron spectrum determinations of the EA for comparison. In each case, agreement with the prior studies is good and the error bars have improved. In the case of (CH 3 ) 2 CHO and (CH 3 ) 3 CO, the error bars have improved dramatically, by a factor of at least 7.
The RO EAs from this work may be used together with literature values of the gas-phase acidity ͑GPA͒ of ROH ͑Refs. 26,47-50͒ and the ionization potential of the hydrogen atom in a thermochemical cycle to determine the bond dissociation energy, D 300 ͑RO-H͒, 51 where RϭCH 3 , CD 3 , CH 3 CH 2 , CD 3 CD 2 , (CH 3 ) 2 CH, and (CH 3 ) 3 C. Because the ionization potential of the hydrogen atom and the RO EAs were measured at 0 K, and the GPAs of ROH were measured at 300 K, a thermal correction to the bond dissociation energy was incorporated into the values calculated in Table  VII . 51 The GPAs chosen were the directly determined experimental values with the best error bars, where available, and those used for RϭCH 3 , (CH 3 ) 2 CH, and (CH 3 ) 3 C are not significantly different than those measured in deTuri et al. 49 The calculated bond dissociation energy values ͑see Table VII͒ agree well with those of deTuri et al., 49 who have used the EAs reported in this work with their GPAs to calculate bond dissociation energies. We find that within the given error bars, the energy needed for the reaction ROH→ROϩH is relatively independent of R, where R is an aliphatic hydrocarbon.
In addition, literature values for ⌬ f H 300 ͑H͒ and ⌬ f H 300 (H ϩ ), 52 ⌬ f H 300 ͑ROH͒, 53 and IP 0 ͑RO͒ ͑Refs. 54-56͒ allow calculation of the heats of formation for the undeuterated RO, RO Ϫ , and RO ϩ species according to the methods outlined in Ref. 51 . The ⌬ f H 300 ͑RO͒ and ⌬ f H 300 ͑RO Ϫ ) values show a stabilization effect with an increase in the size of R. This effect is greater in the anion than in the radical, a result of inductive effects in the anion. The differences in the amount of stabilization in the anion with respect to the neutral may be examined most precisely by looking at the differences in the EAs. The EA changes by the same amount when going from CH 3 EAs of (CH 3 ) 2 CHO and (CH 3 ) 3 CO is only half that amount. This indicates that the degree of perturbation of the system decreases when substituting the last H in CH 3 O for a methyl group.
It is also interesting to note that the same decrease in EA, 0.013 eV, is observed upon deuteration for both CH 3 O and CH 3 CH 2 O. This implies that deuteration decreases the zero point energy by a greater amount in the radical than in the anion.
The heat of formation of the cation also displays a stabilization effect with increasing size of R. It should be noted that ⌬ f H 300 ͑RO ϩ ) is highly dependent on the value of IP 0 ͑RO͒, and in the case of (CH 3 ) 2 CHO and (CH 3 ) 3 CO, the IP 0 values used are the only available measurements and have not been confirmed recently.
IV. CONCLUSION
Photoelectron spectra of alkoxides were presented and analyzed. Jahn-Teller effects dominate the CH 3 3 CO. There is no evidence of photodissociation of the species in any of the spectra. Finally, the electron affinities of all six neutrals ͑RO͒ were measured, showing good agreement with previous measurements, and in some cases to much greater accuracy. Values of D 300 ͑RO-H͒, as well as the heat of formation for the alkoxide neutrals, anions, and cations are tabulated.
